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Abstract

Background: Diminished balance is associated with the incidence of ankle and lower extremity injuries in adoles-
cents. Although flexible flatfoot is a common foot condition in pediatric and adolescent populations, the association
between balance control and foot morphology remain unclear in adolescent athletes.

Methods: Rearfoot angle in the double-limb standing position, body mass index (BMI), and isometric muscle
strength related to the knee joint were retrospectively reviewed in 101 adolescent athletes (75 boys and 26 girls) with
a mean age of 14.0 years (range 12-17). Postural stability during single-leg standing on static and dynamic platforms
was investigated using Balance System SD in 119 feet without functional ankle instability. The participants were
divided according to their rearfoot angle into control (less than 7°) and valgus (greater than or equal to 7°) groups. The
measured parameters were compared between the control and valgus groups using Welch's t-test, and P values < 0.05
were considered statistically significant. Multiple regression analysis was conducted to identify the factors that signifi-
cantly influenced postural control.

Results: The average rearfoot angle was 4.6° in all participants. An excessive valgus rearfoot angle was detected in
53 feet (26.2%). No significant difference was found between the groups in terms of BMI and isometric knee muscle
strength. Although no statistical differences were observed in postural stability on the static platform between the
control and valgus groups, the valgus group demonstrated poorer postural stability for single-leg standing on the
dynamic platform. Multiple regression analysis revealed that BMI and rearfoot angle were significantly associated with
a poor postural control on the dynamic platform.

Conclusions: Our findings suggest that excessive rearfoot valgus specifically contributes to the deterioration of pos-

tural stability in adolescent athletes, and that rearfoot alignment should be evaluated for the adolescent population
to prevent sports-related lower extremity injury.
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aged 7-14 years [3]. Pronated foot function affects not
only the biomechanics of the foot, but also the entire
lower-limb kinematic chain during gait such as peak
knee internal rotation and pelvic range of motion [4].
These kinematic alterations can increase the risk of
developing musculoskeletal disorders [4]. A systematic
review described that flatfoot and high arch were asso-
ciated with lower extremity injuries compared to the
neutral foot type [5], and more frequent ankle sprain
was observed in the low arch group than in the normal
arch group [6].

Diminished balance is also associated with ankle
and lower extremity injuries in high school basket-
ball athletes [7, 8] and female soccer athletes [9]. A
significant association between ankle sprains and a
positive single-leg balance test was demonstrated pro-
spectively in high school and college age athletes [10].
Several reports have described postural stability in
adolescent athletes. Postural stability improved with
age from 13 to 18 years, whereas no sex-based differ-
ences were found among youth athletes [11]. When
dynamic postural stability was investigated using the
star excursion balance test in young adolescent sec-
ondary school athletes, no significant difference was
observed for sex or limb dominance [12]. Athletes
between the ages of 10 and 12 years performed worse
in the single-leg stance test and demonstrated more
asymmetry on the Y-Balance test compared to older
athletes, including the 13-15 years and 16-18 years
age groups; [13] however, foot morphology was not
considered in these studies.

Although both foot morphology and postural stabil-
ity are associated with lower extremity injury in ado-
lescents, the impact of foot morphology on postural
stability is not fully understood in adolescent athletes.
The highest incidence of physical injuries has been
reported among children aged 10-14 years for both
violence-related as well as unintentional sports and
recreational injuries [14]. Accordingly, the relation-
ship between foot morphology and postural stabil-
ity needs to be clarified in pediatric and adolescent
populations. Several foot measurement parameters
have been reported for clinical assessments. Regres-
sion analysis demonstrated that rearfoot angle, foot-
print index, and truncated arch index were significant
predictors of the clinically defined foot type, and the
rearfoot angle accounted for 78% of the variance in
foot type assessment [15]. Therefore, this study aimed
to investigate the association between foot morphol-
ogy and postural stability, focusing on the rearfoot
angle in adolescent athletes. We hypothesized that
rearfoot angle is closely associated with postural con-
trol in adolescent athletes.
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Methods

This study was approved by the ethics committee of Hiro-
shima University. The study was conducted retrospec-
tively in adolescent athletes who underwent a medical
checkup at Sports Medical Center of Hiroshima Univer-
sity Hospital in 2019. The participants were selected by
the Hiroshima City Sports Association, as part of a spe-
cially designed program for certified athletes. Informed
consent was obtained from the guardians of all partici-
pants. This analysis included data from 202 feet in 101
adolescent athletes (75 boys and 26 girls) with a mean
age of 14.0 years (range 12—17). They engaged in different
sports at a competitive level (Table 1).

Sports activity levels were evaluated using the ankle
activity score (AAS) [16]. The AAS consisted of 53 sports,
three working activities, and four general activities.
Scores of 0-10 points were assigned depending on the
type and level of physical activity, with 0 and 10 points
indicating the lowest and highest activity level, respec-
tively [16]. The leg used to shoot a ball on a target was
defined as the self-reported dominant leg [17]. The func-
tional ankle instability was assessed using the Cumber-
land ankle instability tool (CAIT) [18]. Participants with
a score of<26 were defined as having functional ankle
instability [19]. No major foot deformity, such as rigid
flatfoot, clubfoot, or neuromuscular disease was identi-
fied in these participants. Participants with a history of
concussion were not included in this study.

Foot alignment and morphology
Rearfoot angle was measured using a two-arm goni-
ometer in the double-limb standing position with full
weight bearing. The angle was formed by the bisection
of the distal one-third of the leg and a longitudinal line
that bisected the posterior aspect of the calcaneus [20].
(Fig. 1) A rearfoot angle of more than 7° was defined as
excessive valgus heel alignment in the present study [21].
Static foot posture was evaluated by normalized navic-
ular height truncated (NNHT), which was calculated as
the navicular height divided by the truncated foot length

Table 1 Distribution of sport participation in 101 adolescent

athletes

Archery 3 Japanese fencing 8 Soft tennis 8
Basketball 6 Judo 4 Table tennis 6
Badminton 4 Rugby 14 Tennis 4
Handball 7 Sailing 4 Track and field 4
Hockey 9 Skating 4 Water Polo 4
Ice Hockey 4 Soccer 4 Wrestling 4

Number of participants. Adolescent athletes engaged in these sports at a
competitive level in their prefecture
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Fig. 1 The rearfoot angle was measured using a two-arm
goniometer in the double-limb standing position with full weight
bearing. Dot stickers were put as references for bisection of the
calcaneus and the distal leg
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[22]. Navicular height was measured as the perpendicular
distance between the ground and the navicular tuberos-
ity, which was identified as the palpable medial promi-
nence of the midfoot. Truncated foot length was defined
as the perpendicular distance from the posterior aspect
of the heel to the first metatarsophalangeal joint. The par-
ticipants maintained a resting stance position with equal
weight on both feet during the measurement. A lower
NNHT indicates collapse of the medial longitudinal arch.

Subdivision of participants

Twenty-four participants could not undergo the meas-
urement of postural stability because of equipment mal-
function. Consequently, measurements were performed
on 77 participants. Thirty-five feet with functional ankle
instability were excluded because ankle instability can
affect postural stability [23, 24]. In total, 119 feet (bilat-
eral 112 feet, unilateral 7 feet) from 63 participants were
included in the subsequent analysis. The participants
were divided according to their rearfoot angle into a con-
trol group (less than 7°) and valgus group (greater than or
equal to 7°) [21].

Isometric muscle strength

Isometric muscle strength for knee extension and flex-
ion was measured using the Biodex System 4 Dynamom-
eter (Biodex Medical Systems, New York, USA) at an
angular velocity of 60°-s. Participants were seated in the
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dynamometer according to the manufacturer’s guide-
lines, and five repetitions were conducted after a trial
practice. A rest time of more than 30 s was ensured
between each measurement. Among the measured val-
ues for each repetition, the highest ratio of peak torque
to body weight was used in the subsequent analysis. This
measurement was conducted for each participant after
the postural stability task.

Postural stability analysis

Balance control ability was assessed for each lower limb
using the Balance System SD (Biodex Medical Systems,
New York, USA) [25-27]. This system is composed of a
platform that has a diameter of 55 cm and tilts 20° from
the horizontal in all directions. The measurements were
performed on a locked static platform and a dynamic
platform with the most stable level 12. The participants
maintained their position on the center of the platform
for 30 s in single-leg standing position with eyes open,
bared feet, and knees slightly flexed. They performed
the task three times after a trial practice. A rest time of
1 min was ensured between the measurements. This
system provides scores that represent postural stability,
including the anterior/posterior index (API) in the sagit-
tal plane, medial/lateral index (MLI) in the frontal plane,
and overall stability index (OSI). The OSI is considered
as an indicator of the overall ability of the participant to
balance the platform in all motions during a test [25]. A
high score implies greater platform swing that is induced
by more body movement and sway due to an unstable
posture.

Statistical analysis

The measured parameters were compared between the
control and valgus groups using Welch’s t-test, includ-
ing rearfoot angle, NNHT, body mass index (BMI), ankle
activity score, ratio of peak torque to body weight, and
the stability index. P values < 0.05 were considered statis-
tically significant. The rearfoot angle was also compared
between the dominant and non-dominant legs.

Multiple regression analysis with a stepwise method
was performed to identify the factors that significantly
influenced postural control. The independent variables
included age, sex, leg dominance, rearfoot angle, NNHT,
BMI, AAS, isometric muscle strength for knee extension,
and knee flexion. Multicollinearity was determined based
on the tolerance and variance inflation factor (VIF).
Multicollinearity was identified when the VIF value was
greater than 10. The R-squared value was employed
to measure the goodness of fit of the linear regression
model. These analyses were performed using IBM SPSS
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Statistics for Windows, version 27.0 (IBM Corporation,
Armonk, NY, USA).

Results

Foot alignment

The average rearfoot angle was 4.6° (95% confidence
interval [CI] 4.1, 5.1) in 202 feet, representing all par-
ticipants. The rearfoot angle showed neutral or valgus
alignment (equal to or greater than 0°) in 197 feet, while
rearfoot varus (less than 0°) was identified in five feet. An
excessive valgus rearfoot angle (>7°) was detected in 53
feet (26.2%). According to the self-reported leg domi-
nance, the average rearfoot angle was 4.2° (95% CI 3.4,
4.9) in the dominant leg and 5.0° (95% CI 4.3, 5.7) in the
non-dominant leg. No significant differences were found
between the dominant and non-dominant legs.

Comparison of groups

A greater rearfoot angle and lower NNHT were observed
in the valgus group than in the control group, whereas
no significant differences were found in the age and BMI
between the two groups. A higher ankle activity score
was identified in the valgus group compared to that
of the control group (7.5 vs 6.6%, p=0.02). No signifi-
cant differences were observed in the isometric muscle
strength for both knee extension and flexion between the
two groups (Table 2).

Regarding postural stability, no significant differences
were found in the API, MLI, and OSI on the static plat-
form between the control and valgus groups. In contrast,
the API, MLI, and OSI were significantly higher in the
valgus group than in the control group on the dynamic
platform. Thus, the valgus group demonstrated lower
postural stability in single-leg standing on the dynamic
platform (Table 3).

Multiple regression analysis revealed that high BMI
and greater rearfoot angle were significantly associated

Table 2 Demographic data of the control and valgus groups
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Table 3 Postural stability during single-leg standing on the
static and dynamic platform
Control group Valgus group P value
Static platform
OSl 0.98£0.54 (0.86-1.09) 0.9940.3 (0.89-1.1) 0.85
API 0.69+£0.45 (0.59-0.78) 0.740.21 (0.62-0.77) 0.87
MLI 0.56£0.25 (0.51-0.62) 0.6+0.24 (0.51-0.68) 0.5
Dynamic platform
oSl 0.69+£0.31 (0.63-0.76) 0.87+047 (0.71-1.04) 0.04
API 0.544+0.29 (0.48-0.61) 0.74£043 (0.59-0.89) 0.02
MLI 0.37+£0.22 (0.32-0.42) 0.49+0.3(0.38-0.59) 0.04

Statistical analyses of the control and valgus groups were performed using
Welch’s t-test. OSI, API, and MLI are presented as means + standard deviation
and 95% confidence intervals

0S|, overall stability index; API, anterior-posterior index; MLI, mediolateral index

with a poor postural control on the dynamic platform.
No multicollinearity was present among the independ-
ent variables. OSI on the dynamic platform (Y) were
positively correlated with BMI (X1) and rearfoot angle
(X2), and these results yielded the following equation:
y=-0.375+0.052 X1+40.016 X2. The R-squared value
was 0.3.

Discussion

In this study, we identified poor postural stability in
adolescent athletes with hindfoot valgus during single-
leg standing on a dynamic platform. The rearfoot angle
was used to evaluate foot alignment in the present study.
Among the foot measurement parameters, rearfoot angle
was the best parameter (78% of the variance) for predict-
ing the clinical assessment of foot type [15]. While the
rearfoot angle declines to approximately 4° of valgus from
3 to 6 years of age, it remains stable from 6 to 16 years
of age, [21, 28, 29] and no sex differences have been
observed [21, 30]. Waseda et al. [31] reported medial

Control group (n=85) Valgus group (n=34) P value

Age (range) 13.8+£1.9(12-17) 1£13(12-17) 04
RFA 3.0+£3.1(23-36) 83j:17(77 8.8) <0.001
NNHT 0.267 £0.028 (0.26-0.272) 0.236£0.037 (0.224-0.249) <0.001
BMI 19.943.2 (19.2-20.6) 14+42(19.6-225) 0.17
Ankle activity score 6.6+1.9(6.2-7.0) 754+19(6.9-8.2) 0.02
Muscle strength (Nm/kg)

Knee extension 219.64+41.6 (210.6-228.6) 220.1£49.3(202.9-237.2) 0.96

Knee flexion 108.2+£30.8 (101.6-114.9) 111.0£323(99.7-122.3) 0.66

Statistical analyses of the control and valgus groups were performed using Welch's t-test. Age is presented as the mean (range). RFA, NNHT, BMI, ankle activity score,
and muscle strength are presented as means =+ standard deviation and 95% confidence intervals

RFA, rearfoot angle; NNHT, normalized navicular height truncated; BMI, body mass index
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longitudinal arch development in 10,155 children aged 6
to 18 years. The arch height ratio (navicular height x 100/
foot length) was almost flat until 11 years of age, and
increased gradually till the age of 18 years in boys. Simi-
larly, the arch height ratio increased from 10 years of
age and reached a plateau at 17 years in girls [31]. Taken
together, the rearfoot angle that reaches a plateau at a
relatively younger age should be considered an appro-
priate parameter to assess foot alignment in adolescent
athletes with a mean age of 14 years, whose foot arch is
progressively developing. A previous study demonstrated
that the weight-bearing rearfoot angle was valgus within
a range of 0°~7° in 95% of 150 children between the ages
of 6 and 16 years [21]. In the present study, valgus over 7°
of rearfoot angle was identified in 26.2% (53 of 202 feet)
of the adolescent athletes. Furthermore, a higher ankle
activity score was observed in the valgus group than in
the control group. Excessive foot pronation is induced by
adaptation to the forces placed on the musculoskeletal
system by kinetic and kinematic events during gait or
another action [32]. This raises the possibility that regu-
lar sports activities lead to excessive rearfoot valgus via
repetitive mechanical loading of the ankle in adolescent
athletes during growth periods.

Numerous reports have described the relationship
between foot morphology and postural stability in young
adults [33-37]. Poorer postural control was noted dur-
ing a single limb stance in participants with pronated
feet than in those with neutral feet, and this foot type
was defined by the medial longitudinal arch angle and
rearfoot angle [36]. Dynamic balance ability was evalu-
ated in healthy university students using a star excursion
test, and no significant differences were found in the foot
morphology that was classified by the navicular drop test
[33]. The relationship between foot deformity and pos-
tural stability were investigated using a 2D podoscan and
a dynamometer platform in primary school children. The
Clarke’s angle, Wejsflog index, and foot width were iden-
tified as the essential predictors of postural stability [38].
Although previous reports investigated postural stabil-
ity and foot morphology in adults and school children,
this is the first study to clarify the relationship between
postural stability and hindfoot alignment in adolescent
athletes. No significant differences were observed dur-
ing single-leg standing on the static platform between the
control and valgus groups. Sports participation affects
postural balance and athletes generally have a superior
balance ability compared to controls [39]. This might be
the reason for the good postural control demonstrated by
the study participants on the static platform. However,
the valgus group demonstrated poorer postural stability
during single-leg standing on the dynamic platform. Joint
hypermobility is common in childhood and resolves with
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increasing age in normal children [40]. Foot pronation is
induced by weight loading, and excessive flexibility of the
subtalar joint may lead to an unstable support base and
ultimately decrease stability of the foot [34]. Therefore,
subtalar joint instability may explain the poorer postural
stability in the rearfoot valgus group. Additionally, joint
proprioception may be attributed to poorer balance con-
trol in adolescent athletes with excessive hindfoot valgus.
Joint proprioception and kinesthetic awareness could be
decreased in individuals with flatfoot due to excessive
stress applied to the muscle spindles and tendon sensory
mechanisms [35].

Postural balance during single-leg stance was corre-
lated with the ankle range of motion and muscle strength
in young athletes [41]. Moreover, childhood obesity
imposes a constraint on voluntary aiming movement due
to the effects of body weight on postural control [42], and
balance control tends to decrease as the BMI increases in
children [43]. In the current study, no significant differ-
ences were found in isometric knee muscle strength and
BMI between the control and valgus groups. Meanwhile,
high BMI and greater rearfoot angle were significantly
associated with a poor postural control on the dynamic
platform. Therefore, our findings suggest that excessive
rearfoot valgus specifically contribute to the deteriora-
tion of postural stability during single-leg stance on the
dynamic platform in adolescent athletes, even though
athletes exhibit better balance control compared to
non-athletes.

This study has several limitations. First, rearfoot align-
ment was not evaluated radiographically. Goniometric
clinical measurements were employed to assess rearfoot
alignment; however, radiographic measurements are gen-
erally available to evaluate rearfoot alignment, such as
hindfoot alignment view and long axial view [44]. Radi-
ographic measurements are more reliable than gonio-
metric assessments; [45] thus, further investigations,
including radiographic assessment, are warranted to vali-
date our current findings. Second, postural stability was
evaluated only during single-leg standing. Balance can be
subdivided into four types: static/dynamic steady-state,
proactive, and reactive balance [46]. The relationship
between rearfoot alignment and postural stability should
be investigated during sport-specific tasks such as jump-
ing, landing, and cutting in adolescent athletes.

Conclusions

Excessive valgus hindfoot alignment, greater than or
equal to 7°, was identified in 26.2% of adolescent athletes
who demonstrated high ankle activity scores. Although
no significant differences were observed in the BMI
and isometric muscle strength related to the knee joint
between the control and valgus groups, poorer postural
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stability was observed during single-leg standing on the
dynamic platform in adolescent athletes with hindfoot
valgus. These findings suggest that excessive rearfoot val-
gus contributes to the deterioration of postural stability
in adolescent athletes and that rearfoot alignment should
be evaluated for the adolescent population to prevent
sports-related lower extremity injury.
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